Cowdria ruminantium is the etiologic agent of heartwater, a tick-transmitted foreign animal disease with considerable potential for entrance into the USA. A competitive enzyme-linked immunosorbent assay (cELISA) was developed to detect serologic responses to C. ruminantium infection. The cELISA utilized a recombinant form of the C. ruminantium major antigenic protein (MAP-l) as the antigen and an anti-MAP-1 monoclonal antibody as the competing indicator reagent. Experimental antisera to C. ruminantium and a wide variety of related ehrlichial organisms were used to evaluate cELISA reactivity. Only sera against C. ruminantium, Ehrlichia canis, E. chaffeensis, and a recently discovered cervine ehrlichia-like organism reacted positively in the cELISA. Specificity of the cELISA was 299.5% in a survey of 1,774 southeastern US and Puerto Rican slaughter cattle sera but was only 85% in a group of 79 hunter-killed white-tailed deer (Odocoileus virginianus) from the southeastern USA. Reference true-positive and cELISA false-positive sera were further analyzed by end point titrations using the cELISA and by indirect fluorescent antibody (IFA) tests for reactivity with C. ruminantium, E. canis, and E. chaffeensis antigens. True heartwater-positive sera were significantly more reactive using the cELISA and C. ruminantium IFA procedures (P < 0.05), whereas false-positive sera were significantly more reactive with the antigens used in the E. chaffeensis IFA procedure (P < 0.05). A group of sera from 210 field-origin ruminants residing on known or potentially heartwater-endemic Caribbean islands revealed a substantial (12.4%) prevalence of cELISA-positive specimens.
cause of serologic cross-reactivity between C. ruminantium and certain of the Ehrlichieae, particularly E. canis, E. chaffeensis, and a newly discovered Ehrlichialike organism. 3, 4, 9, 10, 12 Several of these serologic methods also require the difficult in vitro cultivation of C. ruminantium in expensive high-containment facilities. The present study describes the development and initial evaluation of a new cELISA for heartwater serodiagnosis. The objective was to develop and validate a sensitive, specific serodiagnostic method that would utilize completely biosynthetic reagents for low cost, ease of production, and biological safety.
Materials and methods
Recombinant antigen. The recombinant protein expression of the 32-kD major antigenic protein (MAP-l) of C. ruminantium was recently described. 9 This dominant antigen evokes the strongest, most persistent convalescent antibody response to C. ruminantium infection 7, 13, 16, 19 and was therefore selected as the best candidate antigen for the cELISA. A recombinant baculovirus expressing the MAP-1 gene was used to infect 8-day-old Trichoplusia ni insect larvae as previously described. 9 Moribund larvae were homogenized (10% w/v) in 0.001% (v/v) Trion-X 100 a in phosphate-buffered saline (PBS) (pH 7.4). After a further 1800 (v/v) dilution in PBS, the larval homogenate was placed (50 µl/well) in 96well immunoassay plates b at 4 C overnight. Plates could then be used the next day or frozen (-70 C) for up to 3 mo with no deterioration in performance.
Monoclonal antibody. Two BALB/C mice were each inoculated intraperitoneally on 3 biweekly occasions with 0.1 ml of undiluted larval homogenate. Five days after the third inoculation, their pooled spleen cells were fused to SP 2/0 cells according to a published procedure. 6 Supernatant fluids from the resulting hybridoma cell cultures were evaluated for reactivity with recombinant MAP-1 using described immunoblotting and immunoperoxidase screening methods. 9 One reactive hybridoma cell culture was subcloned twice by limiting dilution, isotyped, and subsequently used for ascites production. That ascites was reactive with recombinant MAP-1 by both the immunoblotting and immunoperoxidase procedures at a dilution of 1:12,000 (v/v).
Reference and field-origin sera. Experimental or diagnostically confirmed patient sera with the following specificities were used to evaluate the cELISA: C. ruminantium (10 ovine and caprine sera), c,d E. canis (2 canine sera), e E. chaffeensis (14 human, canine, and cervine sera), f,g E. equi (5 equine sera), h E. platys (1 canine serum), e E. ewingii (1 canine serum), e E. risticii (10 equine sera), i Anaplasma marginale (17 bovine sera), j,k the human granulocytic ehrlichiosis agent (HGE agent; 16 human sera), g,l,m, the WSU86-1044 rickettsialike agent (2 ovine and bovine sera), n and sera from 4 heartwater-free African sheep d previously determined to be falsely positive to C. ruminantium by IFA and immunoblotting procedures. 13 Sera were also collected randomly at slaughter from 563 Puerto Rican adult cattle and 1, 2 11 cattle originating from Florida, Alabama, Louisiana, Mississippi, Arkansas, eastern Oklahoma, Georgia, North Carolina, South Carolina, Tennessee, and the gulf coastal region of Texas. Sera from 79 southeastern US hunter-killed white-tailed deer (Odocoileus virginianus) were also obtained. o Sera were collected from an additional 210 domestic ruminants residing on several Caribbean islands: the heartwater-endemic islands of Guadeloupe and Antigua and the islands of Barbados, Cariacou, Dominica, Grenada, Montserrat, St. Lucia, St. Vincent, St. Martin, St. Kitts, Nevis, and the Dominican Republic. 5 The presence of C. ruminantium has not been confirmed on the latter group of islands, although it has been previously suggested, based on older serologic evidence, 1, 8, 11 that some of them may be harboring the agent.
cELISA and IFA procedures. An established heartwaterserodiagnostic IFA procedure 5,12 was conducted with a small number of reference and field-origin sera. End point titers of these sera were determined using fixed bovine umbilical endothelial cells previously infected with the Gardel and the Welgevonden isolates of C. ruminantium as antigens. Similar IFA tests were also performed on these sera using DH82 cells infected with E. canis and E. chaffeensis as antigens. 2,10 For the cELISA, sera were diluted 1:40 (v/v) in PBS containing 1% (w/v) of nonfat dry milk. It was not necessary to block immunoplate wells with a protein-containing solution prior to addition of the diluted sera. Each diluted sample was then added to duplicate wells (50 µl/well) of an antigen-coated plate that had been rinsed 3 times with PBS containing 0.05% (v/v) Tween-20 (PBST). a Plates were then incubated for 30 min at 37 C. A 75-µl aliquot of the diluted anti-MAP-1 monoclonal antibody (1:4,000 [v/v]) was then added without an intervening washing step. Following another 30-min 37 C incubation, the plates were washed 3 times with PBST. A 1:1,000 (v/v) dilution of anti-murine IgG horseradish peroxidase conjugate p was then added to each well (50 µl/well) and incubated for 30 min at 37 C. After a final series of 3 washes, all wells received 50 µl of chromogenic substrate (2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) q according to the manufacturer's instructions. Each immunoplate contained reference duplicate C. ruminantium strongly positive (IFA end point = 1:1,280), weakly positive (IFA end point = 1:80), and negative serum control wells. Optical densities of all wells were measured at 405 nm (OD 405 ) when the mean OD 405 of the negative serum control wells was 1.0. Under these conditions, the mean OD 405 of the duplicate strongly and weakly positive serum control wells were reduced respectively by > 90% and 50-60% relative to the mean OD 405 of the negative serum control wells. The OD 405 reduction observed in the duplicate wells of each of the other sera being evaluated was similarly calculated. Sera were defined as positive if an OD 405 reduction of ≥ 50% was observed, relative to the negative serum control wells. Six of the reference positive heartwater antisera and 11 presumedly falsely positive bovine and cervine sera from the USA and Puerto Rico were further evaluated by end point titration using the cELISA and all 3 IFA procedures. Geometric mean titers (GMT) were calculated for each of the 2 groups of sera as evaluated by each of the 4 test methods. Within each group of sera, a least significant difference analysis of GMT variance was conducted to determine which test method(s) might be significantly (P < 0.05) more reactive with true-positive sera and less reactive with those considered falsely positive. 17 Figure 1 . Evaluation of selected sera using the monoclonal MAP-1 heartwater cELISA. Twelve sera were serially diluted as shown and evaluated using the cELISA. Columns 1-3: reference true-positive heartwater convalescent ovine sera; column 4: reference false-positive ovine serum; 13 columns 5-7: field-origin false-positive sera from southeastern US slaughter cattle; column 8: field-origin serum from a US deer infected with an unidentified newly described Ehrlichia-like organism; 3 column 9: reference E. canis canine antiserum; column 10: convalescent human E. chaffeensis serum; columns 11, 12: normal bovine sera. None of the reference antisera to the other ehrlichial agents listed in the text were cELISA positive at a 1:40 serum dilution.
Results
cELISA evaluation of reference sera. All reference C. ruminantium antisera (10 of 10) and some of the E. canis (2 of 4) and E. chaffeensis (1 of 14) antisera were classified as positive by the cELISA (examples: Fig. 1 ). The 4 ovine sera previously falsely classified as positive by C. ruminantium IFA and immunoblot procedures were also cELISA positive (Fig. 1) . All other Ehrlichia spp. antisera, A. marginale antisera, and WSU86-1044 agent antisera were classified as negative by the cELISA.
cELISA evaluation of field-origin sera. The US and Puerto Rican sera originated from ruminant populations considered to be heartwater free. Only 5 of the 1, 2 11 US and 3 of the 563 Puerto Rican cattle sera were classified positive by cELISA, yielding a test specificity of ≥ 99.5% (Table 1) . However, 12 of the 79 southeastern US cervine sera were cELISA positive, for a test specificity of only 85% within that group (Table 1) . The true heartwater antibody status of the 210 Caribbean sera was unknown. However, C. ruminantium is present on Antigua and Guadeloupe; of the 28 sera originating from those islands, 13 were cELISA positive. Of the 182 sera submitted from other Caribbean islands, 11 were cELISA positive (Table 1) .
Several true-positive and cervine apparent false-positive sera and all 8 bovine apparent false-positive sera from the USA and Puerto Rico were evaluated further by comparing their end point titers using the cELISA and the C. ruminantium, E. canis, and E. chaffeensis IFA procedures (Table 2) . As a group, the true heartwater-positive sera had significantly higher end point titers by cELISA than by any of the other 3 methods (P < 0.05), and their C. ruminantium IFA end point titers were significantly higher than their E. canis IFA and E. chaffeensis IFA end point titers (P < 0.05). In contrast, the bovine and cervine false-positive sera were, as a group, significantly more reactive with the E. chaffeensis IFA procedure than with any of the other 3 methods (P < 0.05).
Discussion
The 32-kD MAP-1 antigen is serodominant and common to all C. ruminantium isolates. 7, 16, 19 These factors render it useful for serologic use. Some MAP-1 epitopes are among the several C. ruminantium anti- Table 1 . Evaluation of cELISA performance for detection of Cowdria ruminantium in separate ruminant populations. ‡ GMT = geometric mean titers; CI = confidence intervals. gens responsible, however, for the serologic nonspecificity problem encountered in heartwater diagnostics. 4, 8, 9, [11] [12] [13] Previous attempts to circumvent nonspecificity have involved MAP-1 subunit antigen recombinant protein expression and development of an earlier cELISA utilizing a monoclonal antibody in conjunction with a nonrecombinant cell culture-derived C. ruminantium antigen. 8, 19 In the study reported here, we attempted to combine the recombinant protein and monoclonal antibody approaches to achieve improved serodiagnostic specificity.
Our findings are consistent with those of another recent study in which the serodominant subunit component of MAP-1 (MAP-1b) was shown to be serologically cross-reactive with epitopes found in E. canis and E. chaffeensis. 19 In that study, the authors speculated that E. canis and E. chaffeensis would not infect ruminants and that MAP-1b could therefore be used for specific heartwater serodiagnostics in ruminants. Our data confirm that E. canis and E. chaffeensis antisera do indeed react with MAP-1. However, E. chaffeensis has been experimentally proven to infect wild ruminants (white-tailed deer) and ticks that have fed upon them. 2 Furthermore, sera from 12 of the 79 wild southeastern US deer were also reactive with MAP-1 by the cELISA and previously by western blotting. 9 Those deer were naturally infected with the recently discovered Ehrilichia-like agent, which resembles but is distinct from E. chaffeensis. 2, 3 We do not know if E. canis, E. chaffeensis, and the deer agent are naturally transmitted to domestic ruminants, although experimental efforts to do so have been unsuccessfu1. 2, 9 Therefore, as a practical matter, natural transmission of these agents to domesticated species of ruminants may be an unlikely or infrequent event. Perhaps rare breaches of that apparent species barrier might explain the very few false-positive sera we discovered in the cELISA study of 1,774 US and Puerto Rican slaughter cattle. That idea is also supported by the significantly different mean end point titers observed when analyzing the cELISA false-positive sera with the C. ruminantium, E. canis, and E. chaffeensis IFA procedures. The cELISA described in this report may thus be a highly specific and sensitive, by not infallible, approach to heartwater serodiagnosis and serosurveillance, particularly in regions believed to be heartwater free. We have presented a procedural approach to the examination of cELISA-positive sera that enabled us to identify the false-positive sera as such. Of course, the possible presence of other undiscovered Ehrlichia spp. in other animal species and other areas of the world may affect the degree of cELISA specificity in those areas, 1,2,15 particularly if those Ehrlichia spp. can readily infect domestic ruminants. Our study and an earlier study 19 suggests that sera from animals exposed to numerous additional known Ehrlichia, including E. phagocytophila and other granulocytotropic Ehrlichieae, will not produce false-positive reactions using the MAP-1-based monoclonal cELISA reported here.
The number of Caribbean ruminant sera evaluated in this study was relatively low, their true heartwater status was unknown, and comparative IFA end point test data were not available for them. Nevertheless, the 12.5% apparent prevalence of C. ruminantium antibodies in the Caribbean livestock was in marked contrast to their negligible prevalence in the US and Puerto Rican animals. These findings are reasonable, however, particularly because 15 of the 26 cELISA-positive Caribbean sera originated from 2 of the 3 islands (Guadeloupe and Antigua) that are heartwater endemic 1, 14 The cELISA will require further evaluation in that region to assess its sensitivity and specificity under disease-endemic conditions. Despite the high specificity of the cELISA, true heartwater-positive reference antisera were detected with significantly greater sensitivity by that procedure than with C. ruminantium IFA. Thus far, the cELISA appears promising as a sensitive, relatively specific, convenient, economical, and biologically safe alternative to traditional heartwater serodiagnostic techniques. In principle, successive generations of livestock could serve as serologic sentinels for monitoring the progress and effectiveness of Amblyomma spp. and C. ruminantium eradication programs. The cELISA may be a good laboratory diagnostic tool to assist in that monitoring process.
